A set of coupled ocean-atmosphere simulations using state of the art climate models is now available for the Last Glacial Maximum and the Mid-Holocene through the second phase of the Paleoclimate Modeling Intercomparison Project (PMIP2). This study presents the large-scale features of the simulated climates and compares the new model results to those of the atmospheric models from the first phase of the PMIP, for which sea surface temperature was prescribed or computed using simple slab ocean formulations. We consider the large-scale features of the climate change, pointing out some of the major differences between the different sets of experiments. We show in particular that systematic differences between PMIP1 and PMIP2 simulations are due to the interactive ocean, such as the amplification of the African monsoon at the Mid-Holocene or the change in precipitation in mid-latitudes at the LGM. Also the PMIP2 simulations are in general in better agreement with data than PMIP1 simulations.
Introduction
There is widespread concern about ongoing and future global environmental changes. Projections of possible future climate changes, under different assumptions, can only be made with numerical models of the earth system. The IPCC reports (see IPCC, 2001 ) state that our confidence in the ability of models to project future climate has increased. Yet there are still significant discrepancies between different model results, both in terms of simulated climate changes and more fundamental aspects of the representation of internal processes and feedbacks. We therefore need to be able to evaluate whether the model results are reliable, and also to attempt to estimate whether the models incorporate the required level of complexity to represent the range of possible responses of the coupled Earth system.
The record of past climate conditions provides a unique opportunity to achieve these goals. Palaeodata present a many faceted challenge for our understanding of the natural variability of the climate system. The coupling of the different climate components through water, energy and biogeochemical cycles, and the link between trace gases, aerosols and climate all need to be considered to represent past changes and assess future climate change. Co-ordinated Published by Copernicus Publications on behalf of the European Geosciences Union. 262 P. Braconnot et al.: New results from PMIP2 -Part 1: experiments and large-scale features comparisons of data and model results of the Paleoclimate Modelling Intercomparison Project (PMIP) for key times in the past have provided grounds for confidence in some aspects of the models, while continuing to present important challenges (Joussaume and Taylor, 1995; PMIP, 2000) . PMIP is a long-standing initiative endorsed by the World Climate Research Programme (WCRP; JSC/CLIVAR working group on Coupled Models) and the International Geosphere and Biosphere Programme (IGBP; PAGES). The major goals of PMIP are to determine the ability of models to reproduce climate states that are different from those of today and to increase our understanding of climate change (Joussaume and Taylor, 1995) .
In its initial phase (PMIP1), PMIP was designed to test the atmospheric component of climate models (atmospheric general circulation models: AGCMs), under the Last Glacial Maximum (LGM: ca. 21 000 years before present, 21 ka) and the Mid-Holocene (MH: ca. 6000 years before present, 6 ka) conditions. The LGM simulation was conceived as an experiment to examine the climate response to the presence of large ice sheets, cold oceans and lowered greenhouse gas concentrations. The Mid-Holocene simulation was designed as an experiment to examine the climate response to a change in the seasonal and latitudinal distribution of incoming solar radiation (insolation) caused by known changes in orbital forcing (Berger, 1978) .
Many features of the PMIP1 experiments, including global cooling at the LGM and the expansion of the northern hemisphere summer monsoons during the Mid-Holocene, are robust in that they are both shown by all models and by palaeoenvironmental observations (PMIP, 2000) . However, the magnitude of the response is very different for the different models. AGCMs forced by CLIMAP (1981) reconstruction of LGM sea surface temperature (SST), for example, fail to produce the magnitude of glacial cooling in the tropics shown by palaeoenvironmental observations (Farrera et al., 1999; Pinot et al., 1999) . However, although some of the atmosphere-mixed-layer ocean models produce tropical cooling of the right magnitude, others produce no greater cooling than the AGCM simulations . Similarly, the simulated latitudinal expansion of the African monsoon at 6 ka BP by AGCMs is considerably smaller than shown by palaeoenvironmental observations: some models underestimate the precipitation required to sustain vegetation at 23 • N in the Sahara by 50% while others fail to produce an increase in precipitation this far north . The PMIP1 results formed a crucial part of the evaluation of climate models in the Third Assessment Report of the Intergovernmental Panel on Climatic Change (McAvaney et al., 2001) .
The state-of-the-art models now include dynamical representations of the global atmosphere, ocean, sea-ice, and land surface, and the interactions among these components. Complementary experiments, examining the role of the ocean and of the land surface in past climate changes have also been carried out by several PMIP1 participating groups (Cane et al., 2006) . These experiments demonstrated that the ocean and vegetation feedbacks were both required to simulate the regional patterns and magnitude of past climate changes correctly. Coupled simulations also allow us to consider new questions such as the response of the thermohaline circulation (THC) to changes in the boundary conditions and the impact of this response on climate change, or the changes in interannual to multidecadal variability and the role of ocean and vegetation feedbacks in modulating these changes.
The second phase of the project (PMIP2) was launched in 2002 . The LGM and the MidHolocene remain key benchmark periods for the project, for which respectively 6 and 9 modeling groups performed coupled ocean-atmosphere (OA) and/or coupled ocean-atmosphere-vegetation (OAV) simulations following the same protocol. The objective of this overview paper is to highlight the large-scale features of these simulations, and to compare the results with those of PMIP1 where possible, as well as with data syntheses that were widely used to assess the realism of model results in PMIP1. Several analyses have already considered the results of these new simulations, considering the polar amplification of temperature (Masson-Delmotte et al., 2006) , model evaluation over the North Atlantic ocean and Eurasia at the LGM , climate sensitivity , the glacial THC in the Atlantic ocean , and tropical climate variability over west Africa . Here we provide an overview of the PMIP2 results for the LGM and the Mid-Holocene, highlighting changes in global temperature, and in the hydrological cycle. We only consider large-scale indicators, and the evaluation of model results in the tropical regions, using benchmarking diagrams proposed in PMIP1 Pinot et al., 1999) . A second part (see investigates in more depth changes in the position of the ITCZ in the tropics, the role of the change in snow and sea-ice cover in mid and high latitudes, and discusses how the new simulations reproduce some feedbacks, such as the vegetation feedback, identified in previous studies.
Section 2 presents the PMIP2 protocol used to run the LGM (21 ka) and MH (6 ka) coupled experiments, as well as the present state of the PMIP2 database. Section 3 compares the large-scale features of PMIP2 simulations with those of PMIP1 for the two time periods. Section 4 focuses on the tropical regions and uses the benchmarking diagrams developed in PMIP1 to assess the realisms of the PMIP2 simulations by comparing the results to several datasets. Conclusions are provided in Sect. 5. In the simulations presented here, these changes are smaller than the changes in insolation or in boundary conditions we investigate for the 6 ka and 21 ka periods in the past and are thus neglected. PMIP2 uses the same solar constant for PI, MH and LGM. In simulations with the coupled ocean-atmosphere (OA) version of the models, vegetation is prescribed for most models to the present day distribution of vegetation. This may potentially affect model-data comparisons, because the prescribed vegetation already accounts for land use. Note that the present day distribution of vegetation is model dependent, since each group uses its own reference. In addition depending on the land-surface scheme used in the OA models vegetation is prescribed and the effect of vegetation on albedo, roughness length, and resistance to evaporation is either prescribed, or, in more sophisticated schemes, computed depending on plant functional types, and on the seasonal evolution of the leaf area index. In the coupled oceanatmosphere-vegetation (OAV) simulations, vegetation is interactively computed by the model, as well as all the parameters (albedo, roughness length,...) needed to compute surface heat and water fluxes with the atmosphere. In the latter case vegetation represents natural vegetation, which means that land use is not accounted for in these simulations. As a consequence, for a given model, the OA and OAV pre-industrial simulations produce slightly different climates.
Last Glacial Maximum (21 ka) simulations
Several constraints are needed for the 21 ka simulations. For this time period, the orbital parameters are nearly the same as they are today (Table 1) so that the differences in insolation are small, and do not constrain the 21 ka climate. Differences arise from the lower concentration in the different trace gases (Table 1) and from the presence of large ice-sheets in the northern hemisphere (Fig. 1) . The decrease in the greenhouse gases relative to pre-industrial results in a radiative forcing of the troposphere of −2.8 W m −2 at LGM. The experimental protocol neglects changes in dust which have potentially a large regional impact at LGM and represent an estimated global forcing of about −1W/m 2 . Mid-Holocene (6 ka) and the difference between the two (6 ka-0 ka). Note that the modern calendar was used to compute the monthly means for both time periods. The seasonal cycle has been duplicated to better highlight the change in insolation during January-February in both hemispheres.
The land-sea mask and topography are changed so as to correctly account for the ice sheets and the lowering of sea level. The ICE-5G global reconstruction of ice sheet topography was adopted (Peltier, 2004) (Table 1) . Surface altitude in 21 ka experiments is calculated as 0 ka + (ICE-5G 21 ka-ICE-5G 0 ka), where ICE-5G 21 ka and ICE-5G 0 ka are the reconstructions for 21 ka and the present, respectively. This ice sheet reconstruction (Fig. 1) is different from the one (Peltier, 1994) used for PMIP1 simulations. The Fennoscandian ice-sheet doesn't not extend as far eastward and is significantly higher, which influences the results in the Siberian sector . The Keewatin Dome west of Hudson Bay is 2-3 km higher in a broad area of central Canada which affects the planetary wave structure in the North Pacific-North America-North Atlantic sector . The land-sea mask should be modified to be consistent with the lower sea level, but the way to achieve this is model dependent.
The globally averaged salinity of the LGM ocean is imposed to be the same as in the control simulation. This is not realistic, because the lower sea-level imposes a mean difference of about 1 PSU in global salinity. Recent studies suggest that such a mean shift on salinity has nearly no impact on density gradient in the ocean (Weaver et al., 1998) . Also, this change in salinity may have been regionally distributed, which is difficult to properly infer from data. We thus decided to neglect it. Note however that some of the models, like CCSM, were initialised from a previous LGM simulation that takes into account the lower salinity. Furthermore the experimental protocol recommends that net accumulation of snow over the northern ice sheets is compensated for by a freshwater input over the Arctic and north of 40 • N in the Atlantic. This mimics iceberg melting and closes the freshwater balance. Moreover, changes in the river flow components should be accounted for, following as much as possible data based references. However, this is not considered in most simulations and differences in the fresh water flux entering the ocean arise from inter-model differences in both the treatment of snow accumulation and river run-off .
The 21 ka simulation poses a major technical challenge to bring the ocean circulation into a glacial state. To do this from the pre-industrial control simulation would require several thousand years of simulation. This is not feasible with complex models, and thus some form of acceleration technique or asynchronous-coupling of the fast atmosphere and slow ocean has to be employed to bring the model into a glacial state prior to running the LGM experiment. Several approaches have been suggested, but it is not clear which of these will produce the best results. Each of the modelling groups therefore uses its own "spin-up" technique to initialize and initiate the 21 ka simulation. Details on the implementation of the PMIP2 protocol in the individual models can be found in the model references provided in Table 2. 2.3 Mid-Holocene (6 ka) simulations
The major difference between 6 ka and 0 ka arises from the orbital configuration (Table 1) . Orbital parameters are derived from Berger (1978) and lead to an increase by 26 W/m 2 of the seasonal cycle of the incoming solar radiation at the top of the atmosphere (insolation) in the northern hemisphere and to a decrease in the southern hemisphere (Fig. 2) . The larger tilt also increases summer and annual mean insolation in the high latitudes of both hemispheres (not shown). Note that the change in the orbital parameters, and mainly in precession, induces changes in the length of the seasons. The requirement for PMIP2 simulations is that the vernal equinox occurs on 21 March at noon in all the simulations. The date of the autumnal equinox is then different between the preindustrial time and 6 ka. It would be necessary to use a celestial based calendar to analyse the differences between the two time periods in order to keep a definition of seasons consistent with the insolation forcing in both climates (Joussaume and Braconnot, 1997) . Since the celestial calendar is in general not implemented in model output, it was decided to consider monthly means computed with the same calendar as the one used in the control simulations. The consequence is that changes that occur in autumn will be slightly underestimated with this modern calendar in the northern hemisphere and overestimated in the southern hemisphere. In particular, the change in insolation plotted in Fig. 2 is underestimated by about 10 W/m 2 in Autumn (September and October) in the northern hemisphere and overestimated by 15 W/m 2 in the southern hemisphere. The PMIP 2 protocol also considers a reduction in the CH 4 concentration, which is prescribed as 650 ppbv. The (Table 1) . Dust and other aerosols (volcanism) are not considered. A first set of simulations is run with the OA version of the models. In these simulations vegetation is the same as in the control simulation, in order to determine the response of the oceanatmosphere system to the changes in solar forcing. Simulations where the dynamical part of the vegetation model is activated (OAV simulations) are branched off the OA simulations. The analysis of feedbacks due to vegetation changes is not straightforward because of the differences between the OA and OAV control simulation listed above. Therefore, the modelling groups are encouraged to run the OA 6 ka simulation prescribing the vegetation of the OAV pre-industrial simulation as it is done in Braconnot et al. (1999) . In this case the OA and OAV 6 ka simulations share the same control simulation (OAV pre-industrial) and the difference between the OA and OAV 6 ka simulations allows to discuss the role of the vegetation feedback.
Models and database
For most of the modelling groups, the version of the CGCMs used for PMIP2 (Table 2 ) is identical to the version used for future climate change predictions. However, only IPSL-CM4-V1 and MIROC3.2 were run with exactly the same resolution. The other groups either consider a slightly different version or lower resolution. All the atmospheric components of the OA and OAV models participating in the project account for the effect of CO 2 and other trace gases in their radiative codes. They also all include a sea ice model in the oceanic component. Table 2 indicates the state of the simulations for the two time periods and provides references for the different models used. More simulations have been performed but are still subject of quality assessments before being uploaded into the database, and are therefore not considered here. In addition Earth system models of intermediate complexity (EMICS) have been included because they offer the opportunity to make lots of sensitivity experiments to test several aspects of the climate system in a more efficient way than GCMs.
For each time period and experiment, the models are run long enough for the trends over the final 100 years to be small. The last 100 or 200 years of experiments are considered for the analyses and are uploaded in the common database. Mean seasonal cycles were computed from 100 year averages. Results of the different simulations are stored in a common database hosted at LSCE on raid disks and the data is distributed through a Linux file server. Guidelines, file format convention, variable names and structures, and utilities are adopted in coordination with the Coupled Modelling Intercomparison Project (see http://www-lsce.cea.fr/pmip2). Table 3 shows the trends global annual mean 2 m air surface temperature computed from the monthly data provided by each modelling group in the database. Most simulations are in near surface equilibrium, with trends in surface air temperature that do not exceed 0.02 • C/century. Four models (FOAM, UBRIS-HadCM3CM2 OA, and the two MRIs) exhibit drifts larger than 0.05 • C/century, suggesting that the energy balance is not fully closed in these models or that the simulations were not run long enough. This may affect some of the results. Note also that for a same model, the drift is different from one simulation to the other.
For comparison, we also present model results from the PMIP1 database. The corresponding model references can be found in Joussaume et al. (1999) for MH and Pinot et al. (1999) for LGM. The atmospheric models correspond to the previous generation of climate models. Therefore, for a given model name, the model version may be very different from the one used in the coupled OA or OAV models considered in PMIP2. This is why we do not show model names for these simulations in the following. The PMIP1 simulations of 6 ka are atmosphere-only simulations (SSTf), for which sea surface temperatures (SSTs) are kept as they are in the modern climate and the only difference with 0 ka arises from the orbital parameters. For 21 ka, all simulations used the Peltier ICE-4G ice sheet, and imposed lower concentration of gases (200 ppm for CO 2 ). In a first set of simulations, the SSTs were prescribed to the CLIMAP (1981) reconstruction (SSTf), whereas in a second set SSTs were computed using a slab ocean model coupled to the atmospheric model (SSTc). Mean seasonal cycles were computed for a 10 year average.
3 Large-scale features of the simulated climate
Last Glacial Maximum
As expected from the presence of the Fennoscandian and Laurentide ice sheets in the Northern Hemisphere and the lower trace gases concentrations in the atmosphere, the LGM climate is characterised by a large surface cooling (Fig. 3a) with maximum cooling (about −30 • C) over the ice sheets in the Northern Hemisphere (NH). The ice sheet height and the associated large cooling alter the characteristics of the stationary waves, and contribute to the large cooling (−5 to −10 • C) downstream over the whole Eurasian continent (Fig. 3a) . In the tropical regions the continental cooling is of smaller magnitude (−2 to −5 • C). This moderate cooling is also found in most places over the ocean in mid-latitudes and in the tropical regions. The cooling does not exceed −2 • C in several parts of the subtropical oceans in the Pacific and in the Southern Hemisphere (SH) in the Atlantic and Indian oceans.
Even though all OA simulations exhibit similar large-scale features for the LGM cooling, significant differences are found in the magnitude of the response among the models. Figure 4 provides an indication of the model spread. The global mean difference between LGM and pre-industrial range from −3.6 to −5.7 • C amongst PMIP2 OA simulations ( Fig. 4a) . Interestingly, model spread is largest in the southern hemisphere where the cooling varies from −2 to −5.3 • C depending on the model (Fig. 4d ). This is due to large differences in the response of the circumpolar ocean and of the temperature over sea-ice. The latter varies from a small cooling of −2 • C up to −10 • C when sea-ice cover increases all around the Antarctic continent. Delmotte et al. (2006) report a −3.7 to −5.1 • C range, consistent with ice core estimates. In NH (Fig. 4b) , the cooling is larger and model spread is smaller (2 • C). The seasonal contrast is small, with only a 1 • C difference in the magnitude of the NH cooling between December-January-February (DJF) and June-July-August-September (JJAS), except for HadCM3M2 (Fig. 4c) .
Tropical oceans were warmer in PMIP1 simulations using CLIMAP (1981) SSTs (Fig. 3b) , which explains why the global cooling was not as large in PMIP1 SSTf experiments, ranging from −3.3 to −4.7 • C. Moreover the 2 • C spread in PMIP1 results is similar to the one found for the OA simulations in NH (Fig. 4a and b) . This suggests that the mean difference between OA and SSTf experiments is mainly due to the ocean cooling, whereas the model dispersion for a given set of simulations is mostly due to the continental cooling and the way feedbacks from snow, ice and clouds are treated in the different models. On the other hand, PMIP1 SSTf results in SH are more similar from one model to the other due to the stronger constraint of the prescribed SSTs and sea ice extent in this hemisphere (Fig. 4d) .
The geographical pattern of the annual mean cooling also exhibits systematic differences between PMIP1 SSTf and PMIP2 OA simulations in NH (Fig. 3a and b) . In particular, the maximum cooling in PMIP1 SSTf experiments is found over sea-ice in the North Atlantic and Nordic Seas and over the ice sheets, with a maximum over the Fennoscandian ice-sheet (Fig. 3b) . In the PMIP2 OA simulations the seaice cover is not as large as in CLIMAP (1981) . The maximum cooling is found over the Laurentide ice sheet (Fig. 3a) , which could be due to the fact that the ice-sheet is higher in the ICE-5G reconstruction. Kageyama et al. (2006) concluded that the results of PMIP2 simulations are in better agreement with reconstructions from pollen data over western Siberia which is mainly due to the use of the new ICE5-G ice sheet reconstruction. They also show that over the northern Atlantic, all the models simulate the strengthening of the SST meridional gradient suggested by ocean data reconstructions, even though the location is not correct in some of the simulations. The PMIP1 SSTc experiments produced global features more similar with the new OA experiments, except that they produce colder conditions over parts of the subtropical oceans, the North Atlantic and continental regions extending from North Africa to South-East Asia over the continent (Fig. 3c) . This is mainly due to the responses of 2 of the models that produce a global cooling exceeding −6 • C (Fig. 4a) .
The precipitation pattern (Fig. 3 right panels) is characterised by a large-scale drying (up to −1 to −4 mm/d depending on the regions) resulting from the large-scale cooling and reduced evaporation. PMIP2 OA simulations show that in both hemispheres at high latitudes the drying is largest over the ice sheets and sea ice (Fig. 3a) , while in the tropical regions it is affected by the seasonal variations of the InterTropical Convergence Zone (ITCZ). However, some regions in the mid-latitudes, both in NH and SH, experience larger annual mean precipitation (0.5 to 2 mm/d). A very different picture emerges from PMIP1 SSTf simulations where the drying extends over the continent and over the North Atlantic because of the large sea-ice extent. In addition, regions of increased precipitation are found over the tropical oceans over the widely criticized warm pools of the CLIMAP reconstruction. The continental drying found from the PMIP1 SSTc simulations is relatively similar to the PMIP2 OA results.
Differences with PMIP1 SSTf results appear over the ocean at the eastern edge of the storm tracks in the Pacific and Atlantic oceans (Figs. 3 and 5) . It was shown in PMIP1 that the storm tracks followed the southward shift of the sea-ice cover in the Northern Hemisphere (Kageyama et al., 1999) . Since the global mean temperatures were very low in these simulations, the amount of water vapour was reduced in the atmosphere, and evaporation was very low at the surface. Therefore precipitation was strongly reduced in these simulations. In the case of PMIP2 OA simulations, the change in sea-ice cover is more limited, and the southward shift of the storm tracks follows the change in the meridional SST gradient. Indeed Fig. 5 shows that for IPSL-CM4 MR, HadCM3M2 and MIROC3.2, the storm track activity partly follows the sea ice cover in the West Atlantic and the region of the larger SST gradient (red curve on the figure) in the East Atlantic and in the Pacific (Fig. 5) . Since the cooling is not as large as in PMIP1 there is more water vapour in the atmosphere and evaporation still occurs along the path of the storm track, which explains the signature in precipitation.
Mid-Holocene
Changes are modest compared to those of the LGM, but reflect the sensitivity of the climate system to changes in the mean seasonal cycle of insolation. In particular, there is nearly no simulated change in annual mean temperature or precipitation for the Mid-Holocene, consistent with no change in global annual mean insolation. The major changes for this period compared to present correspond to an enhanced (reduced) seasonal cycle of temperature in the NH (SH). The continental warming favours the deepening of the JJAS thermal low over land, which intensifies the low level winds and moisture transport from the tropical ocean to the continent, and thereby intensifies monsoon system in the tropical regions (Kutzbach et al., 1993; Joussaume et al., 1999) .
All models simulate an amplification of the mean seasonal cycle of NH surface temperature. In summer, this is characterised by increased surface air temperature over NH continents and in mid and high latitudes over the ocean and the Arctic (Fig. 6) . The continental warming reaches a maximum of about 2 • C in central Eurasia and over the Tibetan Plateau in the PMIP2 simulations (Fig. 6a) . Over the ocean the warming is in general less than 1 • C, except in North Atlantic and in the Arctic where it is close to 1 • C. The SH continents show warmer conditions (South America, South Africa and Australia), whereas the ocean is colder or similar to today. A slight warming is also depicted along the Antarctic continent, resulting from the reduction of the seaice cover. The region extending from West Africa to the north of India is colder than today. This is the signature of the enhanced JJAS monsoon flow and increased precipitation (0.25 to 2 mm/day; Fig. 6a right panel) . In these regions, the increased cloud cover and the increased local recycling (evaporation) both contribute to cool down the surface (Fig. 6) .
Even though all the models produce similar large-scale patterns, differences in the magnitude of the warming are found between different OA simulations. This is illustrated in Fig. 7 by the comparison of the NH JJAS warming produced by each of the OA PMIP2 simulations. Model results range from 0.35 to 0.8 • C (Fig. 7b) . Interestingly, the model scatter is quite similar to the one found for PMIP1 SSTf simulations for which the modern SST and sea ice extent induced a strong constraint on the response of the climate system over the ocean and in regions covered by sea-ice. This suggests that most of the differences between models are due to differences in the large-scale warming over the Eurasian and American continents and northern Africa.
These differences between PMIP2 OA simulations and PMIP1 SSTf simulations over the ocean and in high latitudes are well depicted in Fig. 6 . Both sets of simulations exhibit a similar continental warming. Over the high latitude oceans, warming doesn't exceed 0.5 • C in PMIP1 SSTf simulations (Fig. 6b) , reflecting the fact that sea-ice is prescribed to present day conditions in these simulations. In the coupled simulations the reduced sea-ice cover induces the well known albedo feedback (Fig. 6a) . The reduced surface albedo induced by changes in sea-ice cover allows solar radiation to warm the surface ocean and thereby to melt sea-ice from below. This feedback is further enhanced when the dynamic of vegetation is accounted for in the simulations, because snow albedo is reduced with higher vegetation (not shown). The feedbacks from vegetation and ocean thus translate the seasonal insolation forcing into an annual mean warming north of 40 • N (Ganopolski et al., 1998; Wohlfahrt et al., 2004) .
In winter (DJF) the major changes correspond to a large continental cooling with maximum values within the subtropical regions where the change in insolation is the largest (not shown). This contributes to strengthen the DJF winter monsoon, so that the NH continents experience drier conditions, whereas precipitation is reinforced over the ocean Cane et al., 2006) . Figure 7 shows that the differences in the simulated NH DJF cooling between different models are larger for PMIP2 OA than for PMIP1 SSTf simulations. For the latter, the prescribed SST and seaice cover exert a strong constraint on the change in tropical ocean temperature and on the temperature over sea-ice. In most of the PMIP2 OA simulations a reduction of sea ice favours warmer conditions over the Arctic in DJF (Fig. 7) . (Farrera et al., 1999) ; (right panel) over the ocean the distribution of SST is estimated from alkenones in the tropics (Rosell-Melé et al., 1998) Caution: in this figure, model results are averaged over the whole tropical domain and not over proxy-data locations, which may bias the comparison (e.g. Broccoli and Marciniak, 1996) .
Tropical climate and model-data comparisons
Tropical regions received lots of attention during the first phase of PMIP1 (Farrera et al., 1999; Joussaume et al., 1999; Pinot et al., 1999; Liu et al., 2004; Kageyama et al., 2005; Zhao et al., 2005) . We consider in the following the PMIP2 simulations at the light of the diagnoses and model data comparisons developed in PMIP1.
Tropical cooling at the Last Glacial Maximum
During the LGM, the tropics experience a large-scale cooling both over the ocean and over land (Fig. 8) . The magnitude of the tropical cooling has been a matter of debate for a long time (Rind and Peteet, 1985) . A combination of proxy data over land and over ocean was used in PMIP1 to evaluate the simulations cooling McAvaney et al., 2001 ). An updated version of this diagram where the results of the PMIP2 experiments have been included is presented in Fig. 8 . Results show that the PMIP1 SSTf simulations produce land temperature that are too warm, which may be due to too warm prescribed SSTs. The PMIP2 OA set of simulation is in better agreement with the estimates from data (Fig. 8) . Note that over the ocean, this graph only consider alkenone data and that new data syntheses based on various marine proxies are now available. Based on an objective approach incorporating a variety of marine proxies and including measures of the precision of these proxies, Ballantyne et al. (2005) estimated LGM SST cooling over the entire tropical ocean basin of 2.7±0.5 • C, which is consistent with OAGCM results. Additional work is needed to provide a complete update of the data sets included in this figure, which will be achieved in the PMIP2 subproject on tropical SSTs. Results from the PMIP2 OA simulations suggest a reduction of about 20% to 42 % over Africa, except for one model that produces a slight enhancement of precipitation (+16%). Several PMIP1 SSTf simulations produce a larger reduction in precipitation, up to a 62%. The spread of PMIP1 SSTc results is even larger (10 to 80%). Over North India, similar conclusions can be drawn (Fig. 9d) . These results show that there is no specific differences between the different sets of simulations, suggesting that the change in precipitation is mostly due to the reduction in the mean water vapour associated to the large-scale cooling across the tropical regions, the reduction in evaporation, changes in the residence time of water in the atmosphere and to changes in water vapour advection (Yanase and Abe-Ouchi, 2007) . 
African and Indian monsoons at the Mid-Holocene
The change in MH precipitation over West Africa has been a key focus of PMIP1. Figure 9a shows that the response of PMIP2 OA MH simulation in JJAS ranges from 0.2 mm/d to 1.6 mm/d (5 to 140%). Both OA and OAV simulations tend to produce larger precipitation changes in this region than PMIP1 SSTf experiments. This increase in precipitation is due to the response of the ocean and the building up of warmer conditions in the subtropics and mid latitudes in the Atlantic north of the equator and colder conditions in the Southern Hemisphere (Fig. 6) . This strengthens the cross equatorial flow and favours the maintenance of the ITCZ to the north of its present day position in West Africa and the nearby ocean (Kutzbach and Liu, 1997; Braconnot et al., 2000; Zhao et al., 2005) .
The expansion of the area influenced by the Afro-Asian summer monsoon during MH is one of the most striking features shown by palaeoenvironmental data (Fig. 10) , and thus this region has become one of the major focus for model evaluation in PMIP (McAvaney et al., 2001) . Figure 10 is an updated version of Fig. 3 of Joussaume et al. (1999) and shows that, compared to present day, at least 200 to 250 mm/yr additional precipitation is needed to sustain steppe in place of desert as far as 23 • N. All PMIP1 simulations produce increased precipitation to the north of the modern position of the ITCZ, but the magnitude is underestimated compared to data. The PMIP2 OA and OAV simulations produce increased precipitation further north in better agreement with data. The location of the modern ITCZ in the control simulation influences the location of the maximum change in precipitation in northern Africa . Except for FOAM, the PMIP2 OA and OAV simulations better reproduce the northern part of the ITCZ, so that the larger northward extension of the ITCZ is attributable without ambiguity to the ocean feedback. However, the precipitation increase induced by the combined effect of orbital forcing and ocean feedbacks is still not sufficient in most models to maintain steppe vegetation in Northern Africa. A puzzling result from the OAV simulations is that, except for ECBilt-CLIO-VECODE, the feedback from vegetation is much smaller than estimated in previous studies (Figs. 9 and 10 ). This aspect will be discussed in the second part of the study. in North India (Fig. 9) . The relative changes in monsoon are thus less important in India than in Africa. Comparison with PMIP1 simulations shows that contrary to what happens for Africa, the ocean feedback contributes to reduce the MidHolocene monsoon amplification. Liu et al. (2004) show that convergence over the warmer western tropical North Pacific competes with the insolation-induced increase in convergence and moisture transport into India and therefore substantially reduces Indian monsoon rainfall.
Conclusions
In this study, we analyse the large-scale results of the coupled OA and OAV simulations of the LGM and MH performed as part of the second phase of PMIP (PMIP2). We compare these coupled simulations with results of the PMIP1 simulations for the same time period, but performed with atmospheric models or atmospheric models coupled to a slab ocean. This comparison confirms previous conclusions found during the first phase of PMIP, but also shows that for both the LGM and Mid-Holocene the new generation of coupled models exhibits systematic differences with PMIP1 SSTf or SSTc simulations.
PMIP2 OA simulations for LGM are colder than PMIP1 SSTf simulations, mainly because the simulations are colder in the tropical regions. Figure 8 shows that these results are in agreement with data in the tropical regions. Work in progress (Otto-Bliesner et al, in preparation) further suggests that these new simulations are in general agreement with new tropical SSTs reconstructions from the MARGO project (Kucera et al., 2005) . Systematic differences with earlier simulations are also found in the locations of the maximum cooling in the northern hemisphere over the ice-sheet, now prescribed from the ICE-5G reconstruction, which also translate to differences in the change in precipitation along the NH storm tracks. The change in SST gradient in the North Atlantic and the cooling over Eurasia is consistent with data . The LGM climate is characterised by a large-scale drying. In the tropical region, the African and Indian monsoons regions receive less precipitation than at present. These changes are very similar to the results found from PMIP1 SSTf and SSTc experiments, which suggests that the dominant factors contributing to the drying is the large-scale cooling which contribute to reduce evaporation over the tropical ocean, and the reduction of the inland moisture transport.
For the Mid-Holocene, the new results confirm that the response of the ocean and sea-ice shape the changes in the seasonal cycle of the surface air temperature and precipitation. The sea-ice has a large effect in high latitudes, and in particular in the NH where its reduction during boreal summer strengthens the warming. In the tropical regions, the monsoons are enhanced both over West Africa and over the north of India. Comparison with data shows that the coupled simulations better reproduce the change in precipitation over west Africa, even though the amount of precipitation is still underestimated in most simulations and would not sustain steppe as far as 23 • N. It also shows that the ocean feedback strengthens the monsoon amplification over Africa and damps it over India. Vegetation feedbacks enhance the signal in some models, but reduce it in others.
Common features emerge from the comparison of the two time periods. In both cases the coupled models seems to be in better agreement with data in the tropical regions. Two aspects need to be accounted for to understand these results. The first concerns the general better representation of the modern climate in most places in the new generation of models. The second comes from the response of the ocean, which seems to amplify feedbacks from snow and ice in high latitude and feedbacks from the hydrological cycle and largescale dynamics in the tropical regions. These points need to be further investigated to fully understand the mechanisms of the changes in temperature and precipitation for the two time periods, but also the differences between the different model results.
The analyses of these simulations have just started, and new analyses are expected in the coming months. In particular, the response of the ocean and changes in climate variability will be further investigated looking at the changes in the thermohaline circulation and in the interannual variability. These new studies require the development of specific methodologies to be able to compare model results with ocean data, or to infer the signature of interannual variability from the terrestrial proxy records. Several subproject will also provide valuable information concerning not only climate change, but also changes in various ecosystems and biological diversity (see http://pmip2.lsce.ipsl.fr/ proposedanalyses). New periods of interest are also emerging, such as the Early Holocene, when the insolation forcing was even larger than during the Mid-Holocene, and the glacial inception for which we need to understand the major feedbacks that are needed to amplify the insolation forcing and to bring the system from a warm interglacial state to a cold glacial state. The comparisons among model results and between model and data should help to better quantify the feedbacks from ocean, vegetation, snow and sea-ice and to test if the models have the right climate sensitivity, analysing not only mean climates, but also climate variability (interannual to multidecadal).
